Introduction
Osteoarthritis (OA) is a degenerative joint disease leading to a loss of matrix, fibrillation, formation of fissures, and ultimately complete loss of the cartilage surface. Up to date, no efficient therapy is available to treat OA completely [1] [2] [3] .
For the development of new therapy strategies preclinical studies are mandatory. The European medicines agency (EMA) recommends the goat as the large animal model for cartilage repair of the knee [4] . Nevertheless, there are only few studies published on monitoring and characterization of the goat knee cartilage using magnetic resonance imaging (MRI) [5, 6] .
Cartilage can be divided into four layers: superficial, middle, radial and calcified region [7] [8] [9] . The structure and composition of the cartilage varies with the depth. A healthy hyaline cartilage consists of few chondrocytes (1% of the volume), an extracellular matrix containing mainly water (65-80%), a macromolecular matrix with proteoglycans (PG; 3-10%) and type-II collagen (15-20%) . Attached to the PGs, there are glycosaminoglycans (GAG), which are negatively charged and therefore attract free floating positive charged sodium ions Na + [7, 10] (cf. Figure 1a) . In early stages of an ongoing OA, a depletion of PGs and GAGs can be observed directly proportional to the severity of the disease (cf. Figure 1b) . Taking into account, that more than half of the population above the age of 65 is affected by this disease [11] [12] [13] , the possibility of an early diagnosis and the development of an efficient treatment is absolutely mandatory.
Because of the slow progression of OA (10-20 years in humans), prophylactic medical examinations and validating the efficiency of treatments in humans requires noninvasive monitoring techniques that can directly assess molecular changes associated with early stages of cartilage degeneration that precede morphological changes like lesions or joint narrowing.
Due to its superior soft-tissue contrast, MRI has emerged to be the favorable imaging technique for the assessment of articular cartilage. In the clinic, mostly conventional MRI sequences are routinely used to detect morphological changes by providing T 1 , T 2 and spin density weighted images. In research, advanced MRI techniques have been developed Figure 1 . Macromolecular composition of the hyaline cartilage. a) In a healthy cartilage, the extracellular matrix contains collagen, proteoglycans (PG) and negative charged glycosaminoglycans (GAG), which are surrounded by free floating sodium ions. b) In the early stages of osteoarthritis, the cartilage surface is still intact but there is a depletion of PGs and GAGs. c) In later stages of OA, the cartilage surface gets damaged.
to detect and quantify the early physiological changes that precede the morphological changes of the cartilage. Commonly used quantitative MRI techniques for detecting those early molecular changes are delayed gadolinium enhanced magnetic resonance imaging of cartilage (dGEMRIC) [14, 15] , T 1 relaxation mapping [16, 17] and sodium MRI [18] [19] [20] . Table 1 List of MRI parameters with their corresponding biomarkers and the behavior according to changes of the cartilage condition (10, 42) . With a cartilage degeneration, dG 1 and sodium will be decreased, whereas dG 2 and T 1 will be increased. The purpose of this work is a direct comparison of the results obtained from these three MRI techniques and the establishment of an examination protocol for the characterization of the cartilage in a preclinical study. For a potential translation of the results to later human knee studies, it was decided to perform all measurements on a human scanner with 1.5 T and at different time points during an ongoing OA. The goat was selected due to the recommendation of the EMA.
First it was necessary to adapt the measurement protocols and post processing to the thin goat cartilage for all three MRI methods, dGEMRIC, T 1 and sodium in order to allow for a quantitative determination of the cartilage condition and a comparison of the different methods in this animal model. The combination and correlation of all results from a single animal model also allows an analysis of the synergy effects between the methods themselves. This could lead to a better understanding of the MRI parameters as biomarkers for OA, resulting in better diagnosis of early OA stages and also more sensitive monitoring and control of OA treatment.
dGEMRIC is sensitive to the GAG content and is therefore a measure for the condition of the cartilage [21] [22] [23] . With an ongoing OA, the T 1 values after CA injection are decreasing. T 1 imaging has been shown to be sensitive to changes in PG content of cartilage [24, 25] . T 1 has been found to increase with OA progression [26, 27] .
Sodium MRI can detect the presence of positive charged 23 Na ions which reflect the high fixed charge density of the PG aggregates. Consequentially, the loss of GAG in OA subjects translates to a decrease of the sodium concentration of the cartilage [18, 28, 29] (cf. Figure 1 , Table 1 ).
Methods and Materials

Goats
In this study, 12 female animals as a crossbreed of a White German and the Anglo Nubian Goat were used. They were separated in two groups with 6 animals each and examined at three time points. The average weight was 60.4 ± 7.7 kg. Approval was given by National Authorities in accordance Figure 2 . Timeline of the goat study.
a) The upper timeline shows all treatments and examinations performed on every goat. Each animal was first scanned with MRI at a healthy state and subsequently, the goats underwent surgery to set the defect and harvest the fat tissue (week 0). Three weeks later, the goats were scanned with MRI for the second time and were treated with their cultured stromal cells. The cells were injected directly in the operated knee. At week 16, the goats were examined the third time via MRI. Thereafter, the animals were sacrificed for a macroscopic and subsequent histological investigation. b) The lower timeline represents the examinations performed during one MRI session. Starting with finding the specific slice orientation in the goat's knee, first sodium MRI was performed. Subsequently, the detector was switched to the proton coils and T 1 (without CA) and T 1 maps were acquired. Then, the CA was administered i.v., the knee was moved for 10 minutes and a waiting time of about 40 minutes was obeyed to guarantee a homogeneous distribution of the CA in the cartilage. Finally, a high resolution 3D anatomical image and the second T 1 map (with CA) were acquired.
with § 8 German Animal Welfare Act in the version applicable at that time (Approval No.: 55.2-2531.01-80/12).
Animal preparation
In the goat model used, OA was induced surgically under general anesthesia. After a median skin incision and preparation of the knee joint capsule, a medial incision of the capsule was made to expose the anterior cruciate ligament and the medial meniscus. In order to induce OA, the anterior cruciate ligament and the medial meniscus were resected. An additional chondral defect at the lateral facet of the trochlea was created using an 8 mm dermal punch. Subsequently, the joint was rinsed and the capsule was closed using absorbable suture material and a subcutaneous suture. Finally, the skin was closed using staples. Due to the surgically induced instability of the knee joint the goats developed a starting OA within weeks after the surgery.
During surgery, stromal cells were harvested from fatty tissue. These cells were processed and re-injected in the knee after 3 weeks as an OA treatment for the therapy group. 16 weeks after the first surgery, the goats were sacrificed (cf. Figure 2a ).
MRI
All scans were performed with a whole-body 1.5 T clinical scanner (Siemens Medical Solutions, Erlangen, Germany). The image slices were oriented perpendicular to the medial condyle plane with a series of proton scout images and positioned as equal as possible to the measurements of the other time points. Afterwards, a standardized timed protocol was applied: sodium MRI, T 1 (without CA) and T 1 maps, application of the CA, passive movement of the knee, waiting time, 3D anatomy scan and again a T 1 map (with CA) (Figure 2b ).
Image acquisition
For the proton measurements (dGEMRIC, T 1 ), a commercially available 2 × 4 channel, receive-only, multifunction array (Noras, Hoechberg, Germany) was used.
dGEMRIC. In order to determine the dGEMRIC index (cf. Equation 1 and 2), T 1 maps were acquired by using a segmented 2D inversion recovery (IR) snapshot FLASH pulse sequence [30] including Deichmann correction [31] : After the 180 • inversion pulse 64 FLASH images were acquired with a matrix size of 256 × 256 image points (TE: 4.8 ms, TR: 9.1 ms, matrix: 256 × 256, resolution: 0.6 × 0.6 × 3 mm 3 , overall TA: 4 min). The first image was taken at an inversion time of TI = 46.5 ms, the subsequent images followed with a TI = 72.8 ms. This short TI was achieved by segmenting the acquisition. With a segmentation factor of 32 only 8 k-space-lines were acquired for each FLASH image per inversion pulse. Each of these 32 segmentation steps was performed within an overall TR of about 8.5 s. T 1 maps were acquired before and after the application of a single dose (0.2 mL/kg) of the CA Gd-DTPA 2− . After the intravenous injection over a period of 5 minutes, the knee was flexed and tensed for 10 minutes. The movement was moderate for the first 5 minutes and intense with more exercise cycles in the later half. Guaranteeing a homogeneous uptake of the CA within the cartilage the post-contrast MRI was acquired 40 minutes after the injection (optimized and based upon [5, 21] ).
The most common definition of the dGEMRIC index is the T 1,post relaxation time constant after CA injection (dG 1 , cf. Equation 1 ). An alternative is taking also the T 1,pre values before CA injection into account by calculating the difference between the relaxation rates (dG 2 , cf. equation 2) [15, 32] . dG 1 has been correlated with the mechanical properties of cartilage and showed great promise as a sensitive indicator of pathological alterations of the matrix and its response to therapies [33] .
T 1 imaging. To quantify T 1 a gradient echo (GRE) sequence with a B 1 -and B 0 -insensitive spin-lock preparation [34] . The repetition time is two times the average T 1 of cartilage. This is a reasonable compromise between SNR efficiency due to fast averaging and spin density weighting favorable for accurate quantification. The gradient read direction was chosen to intersect the thin plane of the cartilage to reduce partial volume effects. Cylindrical agarose phantoms of known sodium concentrations (200 and 300 mmol/L) were simultaneously imaged with each in vivo measurement to obtain calibration data for sodium content mapping [19] . In addition to the sodium data set a 3D proton GRE data set, which serves as an anatomic reference scan, was acquired with this custom-build coil (TE: 3.5 ms, TR: 40 ms, bandwidth: 250 Hz/p, matrix: 256 × 128 × 24, resolution: 0.5 × 1 × 5 mm 3 , TA: 2:28 min). Due to difficulties with the animal handling and their anesthesia at the beginning of the study, the time consuming sodium measurements of the therapy group at week 0 were dismissed. However, at this time point all animals from both groups were healthy and therefore there should be no difference in the sodium concentrations.
Image analysis and post processing
Quantification of dGEMRIC indices and T 1 . T 1 , T 1,pre and T 1,post maps were obtained using Matlab (The Mathworks, Natick, United States) with mono-exponential curve fits.
In case of an unintentional knee movement between the different T 1 measurements, a retrospective, standardized, automatic and rigid motion correction was applied prior to fitting the data.
In the post processing, regions of interest (ROIs) were manually selected to calculate the average T 1 , T 1 and sodium on the medial condyle side in the elongated leg (cf. Figure 3 ) . For a standardized comparison, ROIs were positioned according to anatomical landmarks within the goat knee to match the examined region between all measurements. Because of oedemas and effusions within the knee after the initial surgery, the ideal ROI (Figure 3b ) was reduced to the area of contact of the articular cartilage between femur and tibia ( Figure 3c ).
Sodium MRI. Post processing of the datasets is necessary to assess the sodium concentration of the cartilage. The major steps performed are the interpolation of the 23 Na dataset and the co-registration to the 1 H dataset, the correction of the B 1 inhomogeneity of the surface coil and the rescaling of the sodium image to concentration maps using reference phantoms. ROIs were drawn in the 1 H images and then overlaid on to the 23 Na concentration maps to obtain the mean sodium concentration of the cartilage. A volume-weighted correction was performed if the ROI contained cartilage and post-surgical effusions (Figure 3c ). Interpolation of 23 Na datasets and co-registration to 1 H datasets. The sodium datasets were Fourier interpolated to a 128 × 128 × 120 matrix to reduce partial volume effects. To facilitate the drawing of ROIs, the inplane matrix was further increased to 256 × 256 pixels by bilinear interpolation. Subsequently, the sodium and proton data sets were co-registered.
B 1 correction maps. The sodium data sets were B 1 corrected to account for the surface coil's spatial inhomogeneity in the transmission/reception field [20] . In vivo acquisition of an additional sodium B 1 map for each subject is hardly feasible in clinical scan times due to low SNR. Therefore, a B 1 map [35, 36] of the coil was acquired with a homogenous NaCl phantom (50 mmol/L). This B 1 map was then used to retrospectively correct the in vivo data sets.
Quantification of the sodium concentration. The established procedure to quantify the tissue sodium concentration published by Shapiro et al. was applied [19] . In short, calibration phantoms of known sodium concentrations (200 and 300 mmol/L) are used to rescale the signal intensities of the MR images to sodium concentration maps in mmol/L. To obtain these concentration maps, the signal intensity of each sodium data set was corrected for B 1 , T 1 and T 2 * weighting on a pixel-by-pixel basis [19, 20] . To acquire T 1 of the cartilage in vivo an inversion recovery 3D radial ultrashort echo time sequence was run at different inversion times (3, 5, 25, 50, 100 and 150 ms) and the resulting data fitted to the IR signal equation. In vivo T 2 * was obtained by fitting a spectroscopically acquired free induction decay biexponentially. The corrected signal intensity of each sodium phantom was determined as the average of three slices through the phantom. The mean noise level of each dataset was used as data point for 0 mmol/L sodium concentration. A linear regression fit of the phantom data yielded calibration curves from which each pixel of the goats' cartilage was assigned a sodium concentration value. The resultant sodium concentration maps were corrected for the average 75% water content per unit volume in cartilage [19] . Therefore, the resulting scale of the sodium concentration maps is only valid for cartilage.
Evaluation of the ROI. To assess the mean sodium concentration, ROIs were drawn in three consecutive slices of the 3D proton data set and then overlaid on the corresponding sodium slices. The pixels inside the three ROIs were then averaged giving a slab with a nominal thickness of 3 mm, which is comparable to the proton imaging sequences used for dGEMRIC and T 1 in significant bias in the calculated sodium concentration due to partial volume effects.
After surgery several subjects were affected by major postsurgical trauma of the knee joints leading to edema/effusions (Figure 3 ). These fluid retentions contain sodium and therefore compromise a precise data analysis due to partial volume effects. Simply overlaying the segmented cartilage ROI of the proton images on to the low resolution sodium images does not facilitate differentiation between the fluid and cartilage since the actual sodium imaging voxels contain both signals. To give an estimate for the sodium concentration of the cartilage inside the fluid signal contaminated ROIs the mean sodium concentration of the cartilage of each ROI was calculated by determining the number of voxels containing cartilage N cartilage and fluid N fluid in the proton images (Figure 3c) . The mean sodium concentration of the fluid [Na + ] fluid was extracted from three data sets of the control and therapy group, where large oedema were visible. After compensation of T 1 and spatial flip angle weighting, the fluid ROIs were averaged and then used representative for the corresponding group.
Knowing the mean sodium concentration of the whole ROI [Na + ] ROI and [Na + ] fluid it is possible to calculate the mean sodium concentration of the cartilage [Na + ] cartilage :
Statistical Analysis
Regarding the calculation of the mean values and the comparison of the groups, only the goats with valid results at all three time points within each method were considered. Since one goat of the control group died between the second and third examination and the co-registration of the T 1 echoes was not possible for 3 goats because they moved too much during the measurements, the final group sizes of the control and therapy groups are: 5/6 (dG 1 ), 5/6 (dG 2 ), 3/5 (T 1 ) and 5/6 (sodium).
All values are expressed as means ± standard deviations. The normal distribution of all groups was tested with a Shapiro-Wilk test. According to those results, either parametric or non-parametric tests were applied. Determining the difference in one group over the course of time, dependent tests were used (t-test for paired values, Wilcoxon test). The difference between the two groups at each point in time was determined with tests for independent groups (t-test for independent samples, Mann-Whitney-U test).
To determine the degree of correlation between the different MRI methods, scatter plots were drawn and a linear regression fit was applied (strong correlation**: 1-0.8, moderate correlation*: 0.8-0.4).
The statistical significance was defined as p < 0.05 and SPSS (IBM, New York, United States) was used for all analyses.
Differences in the change from three to 16 weeks between the control and therapy group were evaluated in the framework of a multivariate repeated measures ANOVA (mixed effects model) with the between-subjects-factor treatment group. Outcome parameters of the model were dG 1 , dG 2 , T 1 and the sodium concentration. A significant interaction between the factor time and the group will be regarded as a hint of different changes in the two groups. Only subjects with a complete set of all four parameter were considered for this analysis (5 control and 3 therapy subjects).
Results dGEMRIC
In the area of contact (cf. Figure 3c ), dG 1 shows no significant difference between the therapy (540 ± 169 ms / 508 ± 113 ms / 442 ± 197 ms) and control (605 ± 45 ms / 535 ± 36 ms / 457 ± 94 ms) group at all time points (Figure 5a , Table 2 ). Furthermore, in each group no significant change was observable from time point to time point but within the control group there is a significant decrease from the beginning to the last time point (p = 0.010). The therapy group shows the same behavior but no significance. This is due to one spike at week 16. By dismissing this animal the decrease becomes significant for the rest of the therapy group. Figure 4a shows exemplarily dG 1 maps of one subject at the three time points.
Regarding dG 2 , no significant difference between both groups at each point in time could be observed, too. A trend towards increasing dG 2 Table 2 ).
In summary, dGEMRIC shows in both groups the expected decreasing dG 1 and increasing dG 2 with ongoing OA within in the thin goat cartilage.
T 1 imaging
Regarding T 1 , there was no significant difference observed between the therapy (26.4 ± 5.1 ms / 36.2 ± 5.2 ms / 31.6 ± 4.0 ms) and control (31.7 ± 2.1 ms / 35.3 ± 3.2 ms / 31.7 ± 4.0 ms) group at any point of time. Additionally, the control group shows no significant change in the time course. But, the therapy group yields a significant increase of T 1 during the first three weeks (p = 0.012) and a significant decrease from week 3 to 16 (p = 0.008) (cf. Figure 5c , Table 2 ). In Figure 4b T 1 maps of one subject are shown. Table 2 Means ± SD of dG 1 , dG 2 , T 1 and sodium at the three different time points in the control (CG) and therapy group (TG). Additionally, the differences between the means in time points (0-3) weeks and (3-16) weeks. 
Sodium MRI
The sodium T 2 * of the goat cartilage was 0.8 ± 0.1 ms for the fast decaying and 12.5 ± 0.1 ms for the slow decaying component, both with a longitudinal relaxation time T 1 of 20.1 ± 1.5 ms. These relaxations times are similar to those found by others researchers for human cartilage at 1.5 T [29] .
The acquired 3D GRE sodium images provide acceptable resolution and SNR. The mean SNR in the ROIs of the healthy subjects is 18.1 ± 0.7.
After inducing OA the signal drops up to a factor of two, which is still sufficient to allow reliable quantitation. The B 1 correction scheme provides robust correction of the signal inhomogeneity as indicated by the high R 2 values (> 0.99) of the fitted calibration curves allowing high confidence in the assignment of the concentration values. Figure 4c shows exemplarily the sodium concentration maps of one subject. The decrease of the sodium concentration in the ROI after inducing OA is visible. After surgery additional sodium signal arises from effusions and scar tissue. The seemingly high value of the fluid signal can be attributed to the long T 2 * of fluids (∼ 40 ms) compared to cartilage, which results in insignificant signal loss before data acquisition and the correction factor of the water content introduced earlier. These factors lead to an overestimation of the sodium concentration of the fluid. After applying the correction to the effusion affected ROIs, their mean cartilage sodium concentration correspond well to those subjects unaffected by effusions. The healthy goats show similar mean sodium concentration of 254 ± 7 mmol/L in the medial cartilage region (cf. Figure 5d , Table 2 ). These values are similar to those found by other researchers for human articular cartilage [20] . As expected for an OA model, the sodium concentration decreased significantly (p = 0.005) after inducing OA. The percentage decrease in sodium concentration is similar to the one found in humans. After the initial decrease there is no further significant decrease at the 16 weeks point in time. It is unknown if there is a minimum in sodium concentration between the 3 and 16 weeks point in time. No significant differences between the control (254 ± 7 / 184 ± 33 /185 ± 20 mmol/L) and therapy group (181 ± 29 / 148 ± 45 mmol/L) could be found.
Correlations
In order to verify the different MRI methods and to compare their individual results, a correlation analysis was performed between all MRI methods: dGEMRIC indices dG 1 , dG 2 , T 1 and sodium MRI.
A strong correlation (**) was observed between dG 1 and dG 2 (r = -0.867) which differ only in considering or not considering the T 1 measurement before CA administration. Moreover, there are moderate correlations (*) between T 1 and dG 1 (r = 0.548), T 1 and dG 2 (r = 0.466) and at last sodium and dG 1 (r = 0.451) (cf. Figure 6 , Table 3 ).
Mixed effects model
As in the multivariate analysis the interaction time · group is not significant (p = 0.419), a positive effect of the treatment could not be shown.
Exploratively, a second multivariate repeated measures ANOVA was modelled, with only three simultaneous dependent variables, dG 1 , dG 2 , T 1 by dropping the possibly redundant sodium concentration resulted in the same finding as the model with 4 dependent variables. 
Discussion
The results show, that the characterization of the goat cartilage is feasible with all three methods on a 1.5 T Scanner during an ongoing OA over the period of 16 weeks, despite the thin goat cartilage and the oedema/effusions, which occurred after the initial surgeries. In fact, these issues also arise when examining the human knee after severe OA which results in diminishing cartilage volume and possible effusions within the knee. All issues were addressed in this study and solutions were found, allowing the analysis of the acquired data und thus characterization of the diseased cartilage.
dGEMRIC
Because of the strong correlation between dG 1 and dG 2 in future goat studies using dG 1 alone will be sufficient to obtain the desired information about the cartilage. Buchbender et al. and Tiderius et al. conclude from their findings on the human cartilage that the pre-contrast measurements are not necessary, as well [15, 37] . Moreover, this avoids the tedious and error prone repositioning of the goat knee after CA administration and solves the problem of co-registrating the T 1 maps, which reduces a lot of work during post processing and is hard to perform perfectly. This was also a concern in this study, because Figure 5 . dG 1 , dG 2 , T 1 and sodium concentration, over the course of 16 weeks (healthy, 3 and 16 weeks after the surgery) within the control (blue) and therapy (green) group. a) The dGEMRIC index dG 1 of both groups shows a decrease between every point in time by tendency. Referring to the whole period of time, the change is significant for the control group (p = 0.010) and by not taking an outlier into account this behavior is also significant for the therapy group. b) dG 2 increases in both groups and between every point in time by tendency. c) Regarding T 1 , the values of both groups increase during the first three weeks and decrease afterwards again. These changes are significant in the therapy group (p = 0.012 / 0.008) d) The sodium concentration decreases during the first 3 weeks significantly (p = 0.005) while there is no change observable in comparison to the last time point. e.g. the sodium concentration correlates with dG 1 but not with dG 2 . Moreover, by discarding the pre-contrast measurement, the overall measurement time is reduced.
T 1 imaging
Although therapy and control group should behave in a similar manner in the first three weeks after surgery, the control group shows no significant change in the T 1 values in contrast to the therapy group. This can possibly be attributed to additional external factors like the animals' body temperature at the first time point, where no warming blankets was used. Since the T 1 values for the two groups appear to be very similar three weeks after surgery, the significant difference in the observable effect regarding the later time period is nevertheless reasonable. Regarding findings for humans that damaged cartilage shows increased T 1 , [38, 39] , our results of a decreasing T 1 within the therapy group in week 16 can be interpreted towards a regeneration in the cartilage (cf. Table 1 ). These findings are in contrast to the results of dGEMRIC and sodium MRI, which can possibly be explained by the sensitivity of T 1 to not only the GAGs but also to the changes within the macromolecular structure.
Sodium MRI
The challenge of performing the sodium imaging at low field strength and thus low intrinsic SNR was met with anatomically adapted voxel shape, fast averaging and a custom-built surface coil. While the resolution of the sodium images is sufficient to give a measure of the bulk sodium concentration in the femorotibial cartilage region, it is not possible to identify localized lesions or distinguish between tibial and femoral cartilage. In the current study, the goats developed larger oedemas/effusions than expected from the experience of previously performed goat studies. Therefore, a practicable solution to account for the fluid partial volume effects was found. An alternative for future studies would be avoiding signal arising from these regions directly at the level of image acquisition. One option to suppress the undesired signal is IR sodium imaging which has been shown to be effective at suppressing the unwanted fluid signal associated with post-surgical traumata. On the other hand, a major disadvantage of IR sequences is a 40% loss of SNR [40] , which would have to be compensated by either twice the scan time or further loss in resolution. Furthermore, applying consistent inversion pulses is problematic with a surface coil. Therefore, with limited anesthesia time in animal experiments and limited SNR at 1.5 T field strength, further experiments have to be performed to identify the optimal solution and possibly combination of acquisition and post processing steps to eliminate the effect of undesired signal from oedemas/effusions.
Since the sodium images were not acquired under fully relaxed condition (TR > 5 · T 1 ) differences in cartilage T 1 might affect the calculated sodium concentration. Particularly, it has been found that in diseased cartilage T 1 increases which would lead to a slight underestimation of the sodium content for the OA subjects [41] .
Despite the intrinsic difficulties of sodium imaging and the specific circumstances of this study, i.e. thin cartilage, oedema/effusions, low field strength, inhomogeneous B 1 field it was possible to observe the expected decrease in sodium concentration associated with OA.
Correlations
As described above, sodium MRI reflects the PG and GAG concentration [18, 28] , dGEMRIC is sensitive to the PGs and mainly to the GAG content [22, 23, 42] , while T 1 yields information mainly about the PG and collagen distribution [24, 25] . The correlations match the biomarkers, which the methods are sensitive to. We found moderate correlations between sodium MRI and dG 1 . Both are sensitive to the GAG content within the cartilage. Moreover, there is a moderate correlation between T 1 and both dGEMRIC indices. These sequences are sensitive to changes of the macromolecular distribution.
While the imaging slices were carefully placed with a consistent sequence of scout images, thus the co-registration between the sodium, dGEMRIC and T 1 slices was performed via anatomical landmarks. Since the sodium MRI was performed with a different coil and exercises were applied between T 1 and T 1 measurements after the injection of the CA, this co-registration is limited by e.g. the spatial resolution of the different methods.
Although sodium MRI is the more direct method to measure the GAG content, the obtained results suggest that in future studies the sodium measurements can be omitted in many cases, because of the similar information dGEMRIC and sodium MRI are providing. Coinciding, using the mixed effects model it could be shown that no significant information for the group difference is lost by omitting the sodium concentration. On one hand this implies relying on a contrast agent based imaging method, with all its pros and cons, but on the other hand this also results in a reduction of the overall measurement time, easier co-registration between the remaining methods and less workload in the post processing, because there is no need for different receive coils. Furthermore, most clinical scanner are not x-nuclei compatible. However, T 1 should be a part of an examination protocol for characterizing the cartilage, because of its sensitivity to a different biomarker, which results in additional information about the state of the cartilage and therefore to a synergy effect of these methods.
Difference between control and therapy group
Since changes in the MR parameters can be seen in the time course after inducing OA it can be concluded that the MR measurements are sensitive enough to detect a significant positive effect of the treatment. However, the statistical analysis showed no significant difference between the control and therapy group. Whether this is due to an ineffective therapy or that the therapy did not have a significant effect so early after the injection of the stem cells is not clear. To answer this question more MRI measurements at later time points and histological tests in addition would have been necessary. However, the current study focuses on the comparison of the three MRI methods over the course of time. The MRI results of the three used methods at the three time points were not compared to histology, because histology would have only been able to provide information about a single time point for each animal, e.g. the end point of the study and similar imaging protocols were already histochemically validated and applied in several studies by other researchers [19, [43] [44] [45] . Thus, it would have been necessary to sacrifice a much larger number of animals in order to also provide information about the time course, which is undesirable, especially with large animals like the goat.
Conclusion
In this study, three MRI parameters for the qualitative and quantitative measurement of GAG loss as a biomarker for cartilage degeneration in OA subjects were obtained together on the same subjects and at the same points in time on a 1.5 T Scanner. To this purpose, OA was induced in the goats' cartilage, which is the proposed large animal model for cartilage repair by the EMA. Therefore, the results obtained in this study can be translated reasonably to future studies on the human cartilage.
Even though the goat cartilage is significantly thinner than the human cartilage and despite the effusions, all three methods (dGEMRIC, T 1 and sodium MRI) were able to characterize the cartilage over the whole period of time during an ongoing OA. For this purpose, the methods and their post processing were optimized and the results of all methods were compared. The observed correlations between the different methods match to underlying mechanisms. Due to the high correlation between dG 1 and dG 2 , the findings suggest that the post-contrast T 1 measurement is sufficient for characterizing the thin goat cartilage. Additionally, the correlation between dGEMRIC and sodium MRI and the ANOVA analysis suggest that sodium measurements are not indispensable to a knee examination protocol if time restrictions or hardware limitations have to be obeyed. However, T 1 shows the same overall ongoing OA behavior in the first weeks, but also a significant decrease in the therapy group at the end which indicates the initiation of healing processes within the cartilage. This fits well to the literature of human cartilage describing T 1 's capability of detecting early changes in the cartilage and its sensitivity to a different biomarker.
Considering the obtained experimental results in the goats, it is possible to suggest that overall measurement time, workload and risks of errors in the co-registration during the post processing can be significantly reduced by measuring only dG 1 and T 1 .
The experimental methods, imaging protocols and results of this study allow a translation to future human knee studies with an established examination.
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